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IntroductIon Rubber materials are used across a wide range of manufacturing industry, not least the automotive sector. Rubber materials in general are composites of natural or synthetic rubber and fillers, etc, and their physical properties depend not only on the volume fraction of filler but also its state of dispersion. An example is the effect that the carbon black (CB) and silica used as fillers in automotive tyre rubber have on tyre properties [1, 2] . Among the various properties of tyre rubber, a reduced rolling resistance is associated with improved vehicle fuel consumption and is hence identified as a key property for fuel economy tyres. In general, low rolling resistance is intimately related with the hysteresis loss of the tyre tread component that makes contact with the road surface. The greater part of this hysteresis loss is thought to be determined by the state of dispersion of the filler in the compound. "End-functionalised SBR", that is, solution-polymerised styrene-butadiene rubber (S-SBR) in which functional groups have been introduced at the polymer chainend exploiting the characteristics of living anionic polymerisation, has been developed with the specific aim of improving filler dispersibility. In fact, reports [3] [4] [5] [6] on end-functionalised SBR aimed at improving CB dispersion appeared in the 1980s to 1990s. Furthermore, reports [7, 8] on S-SBR end-functionalised with alkoxysilyl groups, groups that have a high affinity with silica, have been appearing since 1990, when silica was first used in passenger vehicle tyres.
More recently, we have described end-functionalised SBR terminated with two different functional groups, a primary amino group and an alkoxysilyl group, introduced at the same chain end [9] .
So far, however, there have been few quantitative analyses of the state of filler dispersion in compounds of end-functionalised SBR. Small-angle X-ray scattering (SAXS) has recently been attracting interest as a tool for the structural analysis of fillers in rubber materials, and a number of studies have been reported in which the hierarchical structure of filler aggregates has been analysed quantitatively by SAXS [10] [11] [12] [13] [14] .
The present study, a structural analysis by transmission electron microscopy (TEM) and SAXS, was carried out to analyse how the structure of functional groups introduced at the S-SBR polymer chain end affects the state of dispersion of silica or CB in the compound. The results of the analysis and their implications for the correla tion of state of filler dispersion with dynamic viscoelastic measurements are reported below.
ExpErImEntal

Synthesis of end-functionalised SBR
The SBR used in the study was synthesised by living anionic polymerisation with n-butyl lithium as initiator [3, 9] . The characteristics of the SBR synthesised were determined by the following analytical methods. Molecular weight was found by gel permeation chromatography (GPC) with a Tosoh Corp. HLC8120 chromato graph using THF as solvent (1 ml/min) and Tosoh Corp. TSK gel GMHxl 30 cm x 2 columns; molecular weights were determined from the calibration curve constructed with standard polystyrene; and microstructure was identified by determining the 1 H-NMR of the sample dissolved in CDCl 3 (standard substance: tetramethylsilane) with a JEOL EX270 spectrometer. Glass transition temperature was determined from DSC measurements following ASTM D-3418, using a TA Instruments DSC Q1000. The structure and analytical data for the SBR used in the present study are indicated in Table 1 .
Preparation of sheet vulcanisate for examination
SBR compounds were obtained following the recipes in Table 2 , with mixing in a Toyo Seiki Seisakusho Ltd. 75 ml Plastomill. The compounds were press formed and vulcanisates were prepared by press-curing for 40 min at 160°C. The silica used was Tosoh Silica Corp. Nipsil AQ and the CB was Tokai Carbon Co. Seast KH.
Evaluation
Dynamic viscoelasticity
The dynamic viscoelasticity measurements were made with a TA Instruments ARES-RDA rheometer. The test sample was moulded to a cylinder of diameter 8 mm and height 8 mm, bonded to parallel plates, and then examined under shear deformation. The strain was set at 0.1-10%, and measure ments were made in a 50°C environment at 100 rad/s angular velocity.
Transmission electron microscope (TEM) observations
The TEM observations were made with a Hitachi Ltd. H-7650 transmission electron microscope. Test specimens were made by cutting the sheet vulcanisate to a thickness of about 100 nm in a freezing microtome, and examined unstained at an accelerating voltage of 100 kV.
Small-angle X-ray (SAXS) measurements
The SAXS measurements were made at the BL08B2 and BL24XU beamlines set up at the SPring-8 large synchrotron radiation facility. With the X-ray energy at BL08B2 fixed at 8 keV, the camera length was set at two levels: 6.2 m and 15.8 m. Collagen was used to calibrate camera length. The detector used was a Rigaku Corp. R-Axis IV++. The exposures were 30 sec at the 6.2 m camera length and 3 min at 15.8 m. The specimen sheet used for measurements was formed to a thickness of 1 mm. The scattering profile was obtained by circular averaging over a 40° width range to transform the two-dimensional scattering pattern to one-dimensional data. The scattering vector range under these conditions was 0.007 nm -1 <q <0.9 nm -1 . The measure ments at BL24XU were carried out with a Bonse-Hart optical system. The X-ray energy was fixed at 10 keV and a YAP scintillation counter was used; the data were acquired using an attenuator during measurement and varying the angular step over successive ranges. An exposure time of 20 min afforded data for the scattering vector range 0.0009 nm -1 <q <0.22 nm -1 . Table 3 summarises the results for the complex modulus G*, storage modulus G', loss modulus G" and loss tangent tan d obtained from dynamic viscoelasticity measurements on the samples made from SBR terminated by functional groups. The results labelled Samples (i)-(iii) are for the silica-filled vulcanisates, and those labelled Samples (iv) and (v) are for CB-filled vulcanisates. Since tand at 35°-65°C is used as an index of hysteresis loss correlating with tyre rolling resistance [15, 16] , measure ments were made with the temperature set at 50°C. Comparison of the results for the same filler in Table 3 shows that SBR terminated by functional groups gives a lower value of tan d than SBR that has not been function alised. In the case of silica, the results confirmed that hysteresis loss (tan d) decreases in the order SBR-A >SBR-B >SBR-C. Examining the SBR-B and SBR-C modifications terminated with functional groups, it is clear that SBR-C, terminated with primary amino groups and alkoxysilyl groups, reduces hysteresis loss considerably compared with SBR-B modified with alkoxysilyl groups alone. The effects on hysteresis loss properties are attributable to differences in the state of dispersion of silica in the compound. Previous work has suggested that SBR with two different functional groups at the chain end is capable of strong interaction with the silica particle surface [9] . It may be inferred that the interaction enables efficient transmission to the silica of the shearing energy available in milling, with the result that the dispersibility of silica in the compound is improved, reducing hysteresis loss.
rEsults and dIscussIon
Hysteresis loss characteristics
Similar results were obtained with the CB compounds, SBR-C giving a smaller hysteresis loss (tan d) than the unmodified SBR-A. It may be inferred that, as with the silica compounds, the dispersibility of CB is improved when primary amino groups are introduced as functional groups capable of interaction with the CB surface. The above results are consistent with the results previously reported from studies with end-functionalised SBR [9] . Strain-dependence of elasticity modulus (Payne effect)
The "Payne effect" is a dynamic viscoelastic behaviour characteristic of silica or CB filled rubbers [17, 18] . It refers to the phenomenon whereby the modulus of elasticity is very high in the low strain region but decreases when large strain is imposed; the decline in modulus can be accounted for by fragmentation of filler aggregates in the compound. In general, the Payne effect is represented by the strain dependence of the complex modulus G*: the proportion of large aggregates of filler in the sample is said to be small and the state of dispersion good when the difference between the maximum G*(max) and minimum G* (min) in the range of observation, that is DG* = G*(max)-G*(min), is small. Figure 1 shows the strain dependence of G* for the compounds in which silica and CB respectively were used as the filler. Comparison of the results for the silica compounds ( Figure 1a) shows that the strain dependence differs with the terminating functional group. DG* decreased in the order Sample (i) >Sample (ii) >Sample (iii), indicating that introduction of functional groups at the SBR chain end has improved the dispersibility of the silica. In particular, SBR-C, which bears two different functional groups, gave the smallest difference DG*.
Likewise with the CB compounds (Figure 1b) , Sample (v) using SBR-C terminated with functional groups exhibited a small difference DG* compared with Sample (iv), as in the case of silica filled compounds.
The results thus far obtained from dynamic viscoelasticity measurements show that the dispersibility of the filler is improved, allowing a reduction in hysteresis loss, when functional groups are introduced at the SBR chain end. In particular, they have suggested that SBR-C, which has both primary amino and alkoxysilyl groups at the chain end, is effective for both the silica and CB fillers.
Structural analysis of filler by small angle X-ray scattering and transmission electron microscopy (TEM)
Small angle X-ray scattering (SAXS) experiments were run at two beamlines, BL08B2 and BL24XU, at the SPring-8 large radiation synchrotron facility in order to analyse the aggregation structure of the silica and CB in the rubber compounds. Figure 2 shows the scattering profiles obtained from the silica-filled Samples (i)-(iii). The shape of the scattering profile was independent of the type of SBR in the region q >0.2 nm -1 . In the region q <0.2 nm -1 , on the other hand, profiles with a variously located shoulder were observed from Samples (i)-(iii). The shoulder position was in this case dependent on the sample, the shoulder being located further towards the wide angle end of large q in the order Sample (iii) The samples were next examined by TEM. The results of the observations are shown in Figure 3 . The dark areas are the silica particles. Compared with Sample (i), the silica particles in Samples (ii) and (iii) were more finely dispersed. In particular, the silica aggregates were more uniformly microdispersed in the compound of the SBR-C terminated with two different functional groups. This sequence correlates with the profiles obtained in the SAXS experiment, the samples with better dispersion in TEM examination giving a SAXS profile with the shoulder located further towards the wide angle end of large q. This suggests the state of dispersion of the silica affects the scattering profile. The results obtained in the SAXS and TEM experiments were also consistent with the order of silica dispersibility deduced from dynamic viscoelasticity measurements.
The effect of terminal functional groups on CB dispersion was next examined by SAXS and TEM. The SAXS results in Figure 4 for the CB compounds Samples (iv) and (v) follow the same pattern as for silica compounds. At q >0.2 nm -1 the profiles from Samples (iv) and (v) were very similar. At q <0.2 nm -1 , on the other hand, a difference in the position of the shoulder was noted. When the dispersion of the CB in the two materials was compared from TEM observations ( Figure 5) , it was clear that CB dispersibility was improved in Sample (v) as compared with Sample (iv). The shoulder observed at q <0.2 nm -1 in the scattering profile of Sample (v) was located toward the wide angle end. As with the silica compounds, the results for the CB compounds agreed with the ranking obtained from dynamic viscoelasticity measure ments.
An analysis of the scattering profiles obtained by SAXS was then attempted with the aim of quantifying the aggregation structure of the silica and CB in the compounds. Following the unified function approach of Beaucage et al., the analysis used the model Equation (1) , and was accomplished by the least squares method of curve fitting [19] . To estimate the mean particle size and size distribution of the primary aggregates, the form factor F(q) in the second term of Equation (1) assumed the aggregation structure of the filler was spherical, i.e. the simplest structure, and the aggregates were taken to obey the logarithmic normal distribution expressed by Equation (2). Equation (1) deals only with the contrib ution of the primary aggregates of silica or CB; the contribution of primary particles is ignored in the calculation. The present analysis addressed only the primary aggregate structure and the particle size distri bution of the filler. 
As shown in Figure 6 , the scattering profile of Sample (i), which has silica as the filler, shows good agreement with the approximation obtained from Equation (1). Similarly, the scattering profiles of Sample (iii) and the Samples (iv) and (v) which used CB as filler showed close agreement with the approximations obtained from Equation (1). Sample (ii), on the other hand, produced shoulders at two positions, q = 0.01 nm -1 and 0.06 nm -1 , and the approximation found from Equation (1) showed no agreement with the scattering profile. Clearly, the state of dispersion of silica in Sample (ii) is difficult to analyse with the model Equation (1). Further work will therefore be needed to establish an analytical model capable of accurately quantifying the silica aggregation structure. Table 4 and Figure 7 summarise the results from analysis of the scattering profiles of the silica compound samples, Samples (i) and (iii), and the CB compounds samples, Samples (iv) and (v), using Equation (1) . Table 4 lists the parameters relating to the radius of the filler primary aggregates found by calculation: R md is the most frequent value in the logarithmic normal distribution, R av is the mean, and R fi is the radius of the primary particles of silica or CB used in experiments that have been reported in the literature. The particle size distribution of the primary aggregates in Figure 7 was found with Equation (2) . The calculations for the silica compound samples of SBR-C, which has a primary amino group and adjacent alkoxysilyl group at one end, indicate the primary aggregate radius in Sample (iii) is R av = 26.2 nm, a low result compared with the R av = 41.4 nm in Sample (i), which contains no functional groups. The R fi of the silica is 9 nm. Assuming primary particles of this size have aggregated at the greatest packing density, this means that about 18 primary particles in Sample (iii) and about 72 in Sample (i) have combined to form the aggregate. As will be seen from Figure 7a , the presence or otherwise of terminal functional groups affects the size distribution of the primary aggregates. The calculations indicated a narrower size distribution of primary aggregates in Sample (iii) compared with Sample (i). However, there are limits to the analysis of aggregation structure with the simple model used here. The calculations for Sample (i) gave a wide size distribution ranging from particles smaller than in Sample (iii) to larger particles. Comparing the TEM images, there seems little probability that there are smaller aggregates in Sample (i) than in Sample (iii). This point is unresolved and a model that allows for the shape of the primary aggregates is currently being developed with a view to more detailed analysis of the silica aggregate structure.
The results from analysis of Sample (iv) and Sample (v), the samples with a filler of CB, are summarised in Table 4 and Figure 7b , and reveal the same trends as for the silica compounds. Sample (v), prepared with the SBR-C terminated with two functional groups, has CB primary aggregates of narrower size distribution and smaller particle size compared with Sample (iv). When the mean radius R av is compared, R av in the Sample (v) compound of SBR-C terminated with two functional groups is 30.0 nm, which is smaller than in Sample (iv), where R av is 39.6 nm. Assuming the primary particles of CB of radius (R fi ) 12 nm have aggregated to the greatest packing density, this means that about 12 primary particles have combined to form the primary aggregates in Sample (v) compared with about 27 in Sample (iv).
The foregoing analysis of the SAXS experiment indicates that the state of filler dispersion can be controlled by varying the structure of the functional groups terminat ing the SBR chain. This supports the conclusion drawn from dynamic viscoelastic behaviour, namely that the role of the functional groups at the chain end is to form a strong interaction with the filler surface, as a result of which the shearing energy available during mixing is efficiently transmitted for fragmentation and dispersion of filler aggregates in the compound.
In particular, analysis of the SAXS experiment showed that micro dispersion to a highly uniform size is possible for both silica and CB fillers in SBR-C, the SBR that has a primary amino group and an alkoxysilyl group at the same chain end.
conclusIons End-functionalised SBR is said to reduce hysteresis loss by providing compounds that generally have excellent filler dispersibility. The present SAXS and TEM study of silica-or CB-filled vulcanisates of SBR terminated with different functional groups showed from comparison of samples using the same filler that the aggregation structure and state of dispersion of the filler affected hysteresis loss, and that the hysteresis loss of the compound could be reduced the finer and more uniform the aggregate size. Analysis of the scattering profiles afforded by SAXS revealed that the size of the filler primary aggregates and their particle size distribution varied with the functional groups introduced at the SBR chain end. The results of the investigation indicated that the role of the functionalised SBR is to set up a strong interaction with the filler surface so that dispersion is promoted by efficient transmission of the shearing energy presented to the filler during mixing. It was further shown that the use of SBR that has a primary amino group and an alkoxysilyl group at the same chain end gives a compound of outstanding silica or CB dispersibility.
Analysis by SAXS is an effective way of quantifying the hierarchical structure of fillers. Combination of SAXS with the more conventional techniques in a complementary role will be useful in the design and development of rubber materials for fuel economy tyres. acknowlEdgEmEnt Figure 7 . size distributions of (a) silica aggregates, and (b) carbon black aggregates with S-SBRs
